Abstract 23
Ongoing neural activity in human somatosensory cortex has a strong impact on the detectability 24 of weak tactile stimuli. Recent studies suggest that brain oscillations, which determine the state 25 of excitability of a cortical area, play a crucial role in this process. Mainly two frequency bands 26 have been reported to be involved in conscious sensory perception: alpha (8 -12 Hz) and beta 27 (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . In addition to correlative findings, more recent studies investigated causality by 28 measuring the extent to which directly modulating brain oscillations affects sensory perception. 29
While most of these studies use transcranial alternating current stimulation (tACS), rhythmic 30 sensory stimulation has been suggested as a simple and safe alternative to entrain ongoing neu-31 ral activity. However, convincing findings demonstrating the modulation of neural signals and 32 related behavioral function are scarce. 33
Here, we investigated whether rhythmically induced brain oscillations by means of vibrotactile 34 stimulation (i.e. sensory entrainment) modulate tactile detection. In line with previous findings, 35
we show in trials without sensory entrainment that preceding alpha power and phase-angles in 36 beta oscillations predict the detection rate of a weak tactile stimulus. Further, we reveal a mask-37 ing effect induced by sensory entrainment stimulation resulting in higher perception thresholds. 38
Intriguingly, we find that the masking effect is modulated by the strength of neural entrainment 39 resulting from 20 Hz stimulation. Our data provide evidence for the possibility to modulate 40 Introduction 45 Whether a weak stimulus is consciously perceived or not depends not only on the characteristics 46 of the stimulus, but also on ongoing neuronal processes. A variety of recent studies suggest that part of the variability in perception can be explained by the state of excitability of a cortical 48 area as reflected by the specific signature of the underlying brain oscillations (Hanslmayr, 49 Gross, Klimesch, & Shapiro, 2011 ; Iemi, Chaumon, Crouzet, & Busch, 2017; Jensen & 50 ceived by the participant. Immediately after determination of the threshold estimation, partici-143 pants were asked to perform 10 additional trials of the perceptual detection task, each trial using 144 tactile stimulation at the previously estimated threshold. For each of the 7 conditions (6 entrain-145 ment conditions and 1 control condition), this procedure of threshold estimation followed by 146 trials at estimated threshold was performed once per block in randomized order. In total, the 147 experiment consisted of 3 blocks, resulting in 3 estimated thresholds and 30 (3 x 10) trials at 148 individual perception threshold for each condition. EEG data acquisition and preprocessing 166 EEG data were acquired at 1000 Hz using a 64-channel Hydrocel Geodesic EEG System (Elec-167 trical Geodesic Inc., USA), referenced to Cz (vertex), with an online Notch filter (50 Hz) and 168 high-pass filter at 0.3 Hz. Impedances were kept below 50 kΩ. 169 EEG data were preprocessed and analyzed offline. Data were cleaned (detection and interpola-170 tion of bad electrodes), band-pass filtered (0.5 -30 Hz) and further processed using independent 171 component analysis (ICA). Artifact components (ICs) were automatically detected and re-172 moved from the data with a custom built toolbox (see Liu, Ganzetti, Wenderoth, & Mantini, 173 2018 ). Finally, EEG data were average re-referenced. 174
EEG data analysis 175
To determine electrophysiological correlates of sensory entrainment and perceptual perfor-176 mance, we determined for each participant the electrodes over the contralateral somatosensory 177 region showing the strongest responses to alpha (10 Hz) and beta (20 Hz) stimulation, both 178 delivered at high intensity. For this, data from each channel from high alpha and high beta 179 stimulation conditions were epoched separately (-0.5 s to +2.0 s regarding stimulation onset). 180
To estimate power across time and frequencies, data from each channel and trial were con-181 volved with a family of complex Morlet wavelets spanning 6 -24 Hz in 20 steps with wavelet 182 cycles increasing logarithmically between 4 and 10 cycles as a function of frequency. Alpha 183 (9.5 -10.5 Hz) and beta (19.5 -20.5 Hz) power were obtained by squaring the absolute value 184 averaged over time points and trials. Further, power values were normalized to baseline (-0.5 s 185 to -0.25 s) by converting to the decibel scale (Cohen, 2014). For subsequent analyses involving 186 10 Hz entrainment conditions, EEG data at each subject's strongest alpha electrode were used. 187
Likewise, analyses involving 20 Hz and jittered conditions were based on EEG data at the in-188 dividual strongest beta electrode. 8 To test the hypotheses regarding prestimulus alpha and beta power, and phase angle determin-190 ing subsequent sensory detection performance, data from the control condition were analyzed. 191
For this, we epoched data around the onset of tactile bursts (-0.5 s to +1.0 s) and derived power 192 and phase values from a time-frequency analysis as described above. Pre-stimulus alpha and 193 beta power was calculated as averaged power across 500 ms preceding stimulus onset for each 194 trial separately. Further, for each trial, we derived phase angles at stimulation onset at 10 and 195 20 Hz. Pre-stimulus power values were further divided in three bins with an equal number of 196 trials. For each power bin, detection rates were assessed. To determine phase angle effects on 197 detection performance across levels of low and high frequency-specific power, pre-stimulus 198 power values were divided in two bins (low and high power) and each bin was further divided 199 in peaks and troughs, with regard to the phase angle value of the signal at stimulation onset. If 200 phase angle values exceeded π/2, they were identified as peak trials, else, as trough trials. Again, 201 detection rates were calculated and compared across the power and phase angle bins. 202
To show general EEG effects of sensory entrainment, alpha and beta power (baseline corrected, 203 see before) were calculated and averaged across trials for each stimulation condition separately. 204
In order to further test effects of sensory entrainment on perceptual performance, we analyzed 205 10 and 20 Hz stimulation conditions and compared low and high stimulation intensities. Trials 206 from each condition were divided into trough and peak trials using the same procedure as de-207 scribed above. 208
To determine the level of entrainment, we measured changes in intersite phase-clustering 209 (ISPC), which is a measure of phase-based connectivity between two time-series signals 210 (Cohen, 2014) . ISPC was calculated between the averaged time-series data of each stimulation 211 condition and the corresponding stimulation signal (see Wälti et al., 2019) . The current study was designed to measure the effect of sensory entrainment through vibrotac-217 tile stimulation of the thumb on subsequent tactile detection performance of the index finger. 218
Our goal was to investigate the importance of alpha and beta power and phase angles on sensory 219 perception and to further evaluate the entrainment of ongoing brain oscillations via rhythmic 220 sensory stimulation as a possible mechanism for modulating behavior. 221
Effects of preceding alpha power and beta phase angles on detection rates 222
First, we analyzed control condition data (no sensory entrainment) in order to replicate previous 223 work that demonstrated that preceding alpha and beta power, and phase angles are associated 224 with sensory detection performance. Comparison of detection rates across three levels of pre- 
Sensory entrainment reveals effects on beta but not alpha power 250
In order to determine whether our stimulation protocol reveals typical characteristics of steady-251 state responses over the somatosensory area across alpha and beta frequencies, we looked at 10 252 and 20 Hz power during the stimulation phase of each of the 6 entrainment conditions. Figure 253 both stimulation conditions. Note that these data were derived from EEG data averaged across 257 all subjects and trials ('supersubject'), hence showing stronger effects compared to individual 258 data. Figure 4 depicts alpha and beta power relative to the control condition for all entrainment 259 conditions. To our surprise, statistical analysis revealed no effect of stimulation condition on 260 alpha power (F(5,30) = 0.241, p = 0.941). Beta power on the other hand, was clearly increased 261 by high intensity 20 Hz entrainment stimulation (F(5,30) = 10.647, p < 0.001), revealing highly 262 
No phase-specific effects on detection rate from low and high stimulation intensity 277
So far, our analyses of the control condition have revealed that the detection rate was influenced 278 by preceding alpha power and the phase of high power beta oscillations. Further, we found that 279 strongest beta power increases (compared to control) resulted from high-intensity 20 Hz stim-280 ulation. Consequently, we argue that a phase-dependent effect on detection rate should be found 281 in high-intensity 20 Hz stimulation conditions. However, as depicted in Figure 5 , none of our 282 rhythmic stimulation conditions resulted in a difference in detection rates with regard to their 283 phase angle at the onset of the tactile burst. We compared detection rates from trough and peak 284 trials for each of the stimulation conditions separately using paired t-tests. Note that a direct 285 and intensity revealed no significant differences (10 Hz vs. 20 Hz: p = 0.294; 10 Hz vs. jittered: 297 p = 0.532; 20 Hz vs. jittered: p = 0.937; 10 Hz low:high vs. 20 Hz low:high: p = 0.319; 10 Hz 298 low:high vs. jittered low:high: p = 0.639; 20 Hz low:high vs. jittered low:high: p = 0.830; Figure  299 6). The main effect of stimulation intensity can be interpreted as a masking effect caused by the 300 preceding vibrotactile stimulation. High intensity stimulation resulted in higher estimated de-301 tection thresholds compared to low intensity stimulation, independent of rhythmicity of the 302 stimulation (rhythmic vs. jittered) or the stimulation frequency (10 Hz vs. 20 Hz). As depicted 303 in Figure 6 , preceding stimulation (sensory entrainment) increased perceptual thresholds in 304 comparison to control, in each condition, with stronger masking effects for high intensity stim-305 ulation. Masking refers to the phenomenon in which one stimulus decreases the detectability of 306 Next, we tested whether individual differences in the magnitude of phase-locking between stim-314 ulation signal and EEG response revealed changes in perceptual performance. As measure of 315 phase-locking, we measured inter-site phase clustering (ISPC) between EEG signals and en-316 trainment signals for each condition (see Wälti et al., 2019) . 317
In line with previous findings, we found ISPC to be highest for the 20 Hz stimulation frequency 318 and with high intensity compared to low intensity (2x2 ANOVA: main effects: frequency: 319 F(2,33) = 42.216, p < 0.001, intensity: F(1,34) = 24.674, p < 0.001; interaction: F(2,33) = 2.550, 320 p = 0.093; Figure 8 ). (10 Hz: r = 0.06, p = 0.727; jittered: r = -0.06, p = 0.731). 335
To further investigate the positive correlation between ∆ ISPC and ∆ TH in the 20 Hz stimula-336 tion condition, we divided the subjects into two equally sized groups using a median split based 337 on ∆ ISPC. Figure 8 D shows that the differential behavior of the two groups was driven by the 338 response to high-intensity 20 Hz stimulation: individuals with high ∆ ISPC had a significantly 339 higher detection threshold for high intensity entrainment than individuals with low ∆ ISPC 340 (paired t-tests: high intensity: p = 0.036). No such effect was found for low-intensity 20 Hz 341 stimulation (paired t-tests: low intensity: p = 0.554). 342 stimulus can be predicted if stimulus onset is at the trough of the ongoing oscillation, in com-366 parison to onset at the peak. 367
Mixed relationships between preceding alpha and beta, and detection rate 368
We first tested the validity of our hypotheses by inspecting preceding alpha and beta power in 369 the control condition (no sensory entrainment). In line with previous reports, we found an in-370 termediate level of preceding alpha power to result in the highest detectability of a weak stim-371 ulus (administered at estimated threshold). In contrast, preceding beta revealed a more linear 372 relationship (i.e. higher beta power results in lower detection performance). However, statisti-373 cally, different levels of beta power did not result in variations in detection performance. In 374 order to reveal phase-dependent effects of alpha and beta oscillations on detection rate, we 375 further divided preceding neural activity in both frequency bands into low-and high-power 376 trials. Both power levels were then further divided into two groups of trials dependent on the 377 phase angle of the ongoing oscillation at the onset of the tactile stimulus (troughs and peaks). reduced sensory-evoked responses in response to excessive levels of spontaneous oscillations 397 (see Zhang & Ding, 2010) . In conclusion, the relationship between alpha and beta power, and 398 sensory perception, especially in the somatosensory system, is not fully understood. Our data 399
further suggest that such a potential brain-behavior relationship is most likely weak, resulting 400 in borderline statistical effects and slight inconsistencies across studies. 401
The finding of a phase-dependent effect on detection rate in high beta power trials is in line 402 with previous work reporting that sensory stimulation is discretely processed, and that the un- Jensen, 2010). These findings suggest a link between oscillatory phase angle at stimulus onset 406 and detection performance. Alpha and beta activity is thought to produce pulses of inhibition 407 that appear during the peaks of the oscillatory cycle. As a result, neural firing and sensory per-408 ception is reduced at these specific phases. In line with the present finding, Ai and Ro (2013) 409 reported that preceding oscillatory power (in their study: alpha) and phase are interrelated with 410 respect to their effect on tactile perception. They found that when alpha power was high and 411 the stimulus was presented during a trough, detection rates were significantly higher than for 412 those presented during a peak (Ai & Ro, 2014). However, a similar interpretation of our results 413 is difficult, because we did not find a power-specific effect of beta on detection rate and there-414 fore cannot argue that increases in detection rate resulting from different power levels would 415 overwrite phase-specific effects. 416
With regard to the mixed alpha and beta results in the present study, it needs to be acknowl-417 edged that our experiment was not primarily designed to reveal effects of ongoing neural activ-418 ity on tactile detection, but rather to compare perceptual changes resulting from sensory en-419 trainment to a control condition. Thus, only a small fraction of trials was used to determine 420 effects in the control condition, which was further reduced by dividing trials into different 421 power levels. 422
Hz entrainment increases beta power, but does not result in phase-effects on detection 423
rate 424
The purpose of the sensory entrainment used in this study was to modulate neural processing 425 of perceptual information by changing ongoing brain oscillations in the alpha (10 Hz) and beta 426 (20 Hz) band. In order to detect effects of our entrainment signals on EEG activity, we measured 427 frequency-specific power changes during stimulation in comparison to control. We found that 428 20 Hz high-intensity stimulation resulted in a clear beta power increase compared to control 429 and other entrainment conditions. To our surprise, no effect on alpha power was detected during 430 10 Hz high-intensity stimulation. One explanation for this lack of alpha response to our entrain-431 ment signal could be an already increased level of alpha power during the control condition. A 432 relaxed state is known to be associated with increased alpha-band activity (Adrian & 433 Yamagiwa, 1935 ). In addition, sensory stimulation results in a desynchronization in the alpha 434 formation is processed optimally (Hutcheon & Yarom, 2000) . Such a resonance mechanism 441 could be responsible for the lack of an effect of 10 Hz stimulation in our study. ISPC values 442 derived across all stimulation conditions confirms a resonance-like mechanism. In line with 443 previous findings, we found phase-coupling between the sensory entrainment signal and result-444 ing EEG time-series to be pronounced for 20 Hz stimulation. 445
Taking together our findings of a phase-dependent effect on detection rate in trials with high 446 beta power and the strong beta power differences resulting from low-and high-intensity 20 Hz 447 sensory entrainment, we further analyzed perceptual performance in those two stimulation con-448 ditions. We found that both conditions revealed no effect of phase angle at tactile stimulation 449 onset on detection rate. While our strong effects of beta stimulation on ISPC is evidence against 20 perception is erased by the strong effect caused by any preceding tactile stimulation. Such a 452 masking effect occurred in our study throughout the entrainment conditions and will be dis-453 cussed in the following paragraphs. 454
Sensory entrainment masks subsequent tactile detection 455
Masking refers to the phenomenon that one sensory stimulus decreases the detectability of an-456 other when activating the sensory system simultaneously or in close temporal relationship 457 (Verrillo, Gescheider, Calman, & Van Doren, 1983) . Such an effect can also occur when the 458 two stimuli are applied to different locations on the skin (e.g. different fingers), which has been 459 suggested to represent inhibition effects across neurons which process projections from multi-460 ple peripheral locations (Biermann et al., 1998; Forss, Jousmäki, & Hari, 1995) . 461
The stimulation paradigm in the present study is prone to such a masking effect, because sen-462 sory entrainment (vibrotactile stimulation) of the thumb is preceding a weak tactile stimulus to 463 the index finger within 25 ms to 75 ms. Exploration of the estimated thresholds derived from 464 each entrainment condition revealed clear decreases in detectability (i.e. increases in estimated 465 thresholds) in comparison to control without preceding entrainment. This effect was stronger 466 for high-intensity entrainment conditions compared to low, reflecting stronger masking effects. 467
Further, this finding was independent of stimulation rhythmicity (rhythmic vs. jittered) and fre-468 quency (10 Hz vs. 20 Hz). 469
Masking effect depends on strength of neural entrainment in beta 470
Since masking is believed to relate to the neuronal processing of sensory information, and en-471 trainment modulates the neural activity which is thought to underlie these processes, we inves-472 tigated whether a relationship between the masking effect and the gain of the sensory entrain-473 ment (i.e. the increase of ISPC from low-to high-intensity entrainment: ∆ ISPC) could be un-474 covered. Our analysis found a significant correlation between the entrainment gain (∆ ISPC) 475 from low to high intensity and the behavioral masking effect (∆ TH) only for the beta band. A 476 median-split of the data revealed that those individuals with higher neural entrainment gains 477 had a stronger increase of detection thresholds, and therefore an increased masking effect for and perceptual processing. If entrainment effects between low-and high-intensity beta stimu-481 lation are comparable (i.e. close ISPC), masking effects on tactile detection seem to lack an 482 increase from low-to high-intensity stimulation. The fact that we find this relationship only in 483 beta entrainment conditions, but not in alpha or jittered, further reaffirms our assumption that 484 the beta band is most sensitive to rhythmic tactile entrainment. 485
Previously, we showed that ISPC between a vibrotactile beta stimulation and the EEG response 486 in the contralateral somatosensory area revealed characteristics of the Arnold tongue (Wälti et 487 al., 2019) . While high-intensity beta stimulation resulted in high ISPC independent from stim-488 ulation frequency, we found that ISPC derived from low-intensity beta stimulation was depend-489 ent on the distance between the stimulation frequency and endogenous beta frequency (IBF). 490
In other words, the closer the stimulation frequency to IBF, the closer were entrainment effects 491 between low-and high-intensity beta stimulation. Even though we did not determine IBF (be-492 cause the experiment was already very long), we speculate that in the present study variations 493 in ∆ ISPC might reflect individual differences regarding the distance from the stimulation fre-494 quency to participants' IBF. Based on our previous results (Wälti et al., 2019) , this would result 495 in variations of entrainment effects and consequently differences in sensory processing. 496
Is rhythmic sensory stimulation a feasible method to modulate sensory perception? 497
Whether rhythmic sensory stimulation represents a feasible method to modulate brain oscilla-498 tions and human behavior, is still debated. The main advantage, compared to tACS where ef-499 fects measured by electrophysiology (e.g. EEG) can be covered by strong stimulation artifacts, 500 is the possibility to modulate human behavior and simultaneously measure underlying brain 501 oscillations without inducing artifacts. However, as shown here, rhythmic sensory stimulation 502 entails strong caveats when aiming to modulate sensory perception processes, which are not 503 present in other forms of neural entrainment (e.g. tACS). We found that supra-threshold sensory 504 stimulation entails unwanted effects (e.g. masking) on perception, which overshadow possible 505 effects of entrained neural oscillations. 506
Our findings show how both of these mechanisms can affect the perception threshold of a tactile 507 stimulus. Masking occurs regardless of stimulation frequency and rhythmicity, and appears 508 stronger (higher thresholds) for higher stimulation intensities. Within this masking, however, 509 22 neural entrainment in the beta band can have a modulatory effect on perceptual thresholds as 510 well. 511
Because of large side-effects on the targeted sensory systems, the feasibility of rhythmic sen-512 sory stimulation to modulate perception remains questionable. Possible approaches to over-513 come this issue would be to stimulate other sensory systems (aiming for cross-modal entrain-514 ment) or presenting stimulation at a sub-threshold intensity. However, stimulation of one mo-515 dality is thought to have attentional effects on other modalities (cross-modal attention; see 516 Macaluso, Frith, & Driver, 2002) . Further, entrainment of an oscillating system requires suffi-517 cient force (intensity) and would arguably not result from sub-threshold stimulation (see Thut 518 et al., 2011) . In conclusion, rhythmic sensory stimulation represents a possible but not prefera-519 ble method to modulate perception in the somatosensory system when compared to other forms 520 of neural entrainment. 521
522

Conclusion
523
Our study shows that rhythmic sensory stimulation causes resonance-like effects of brain ac-524 tivity that are present in the EEG signal. Moreover, it can alter neuronal information processing 525 by modulating sensory perception. Even though every supra-threshold sensory stimulation ap-526 pears to affect sensory perception, the only significant brain-behavior correlation was found for 527 entrainment in the beta band, confirming that beta activity is closely linked to somatosensory 528 processing. 529 
